Abstract. During large-strain plastic deformation, subgrain structures typically develop within the grains. At large enough equivalent strains above, say 0.5, recrystallization occurs via abnormal coarsening of the subgrain structure or abnormal (sub-) grain growth (AsGG). The fraction of subgrains that develop into new, recrystallized grains has been quantified as a function of texture spread (Grain Reference Orientation Deviation) using Monte Carlo simulation. When this fraction is combined with the known monotonic increase in mean misorientation with strain, the recrystallized grain size can be predicted as a function of von Mises strain. The prediction is in good agreement with experimental results drawn from the literature.
Introduction
Over 90% of metals in our world are "wrought products" because the engineering properties are optimized by a combination of thermal and mechanical processes, such as casting, rolling and annealing. Therefore, control of these processes precisely via governing some parameters, such as level of deformation, deformation temperature and annealing temperature, is essential to obtain a desired microstructure which directly determines the macro-properties required for a practical use. Recrystallization in metals is an industrially important process that restores the hardness and ductility of deformed metals to that of the un-deformed state.
Although many aspects of recrystallization are known and quantified, a basic gap in our knowledge for many years has been the lack of a quantitative model to account for the grain size after recrystallization. A significant contribution in this field is the work of modeling recrystallization after hot deformation of aluminum by H.E. Vatne, et. al . Their model provides reasonable predictions of recrystallized grain size as a function of Zener-Hollomon parameter for single pass hot deformation of both 1050 and 3004 type alloys [1] . It is well understood in a qualitative fashion: plastic deformation at low to medium temperatures stores a high density of dislocations. The stored energy associated with these line defects provides a driving force for new grains to form and grow, thereby consuming the accumulated dislocations and, in effect, re-setting the mechanical properties of the material. The origin of the new grains lies in the deformed microstructure itself, as pointed out by R. Cahn [2] . As documented by a number of researchers, the cell structure first recovers in the sense of eliminating dislocations of opposite sign, and certain cells grow sufficiently more quickly than all others that they become new grains [3, 4] . The subgrain coarsening process can be thought of as abnormal grain growth within the subgrain structure. An essential component of the model introduced in this communication exploits a quantitative model for the coarsening of subgrain structures introduced by Holm et al. [5] which in turn built on earlier work on abnormal grain growth [6] . A similar model was introduced by Humphreys [7] .
The development of misorientation during plastic deformation has received limited attention. Hughes found that the average misorientation across cell and subgrain boundaries increases monotonically with strain [8] [9] [10] , in agreement with previous investigations [9, 11] . In their study, pure aluminum was cold rolled to reductions in thickness between 5% and 50% (equivalent to von Mises strains of 0.06-0.8). The misorientation measurements were collected and separated according to boundary type: geometrically necessary boundary (GNB) or incidental dislocation boundary (IDB). Power law relationships were developed between the two types of average misorientation and the applied strain, which are given by < θ >= kε 1/ 2 and for IDBs and GNBs respectively, where k is a proportionality constant. Using experimental data for warm-rolled (at 293K) polycrystalline aluminum in [10] , k was determined as ~1.5° for IDBs and ~7.2° for GNBs. The relationship between average misorientation and strain allows us to estimate the prior strain level according to the average (mean) misorientation of a material, or vice versa.
Approach
The recently developed tool called "Microstructure Builder" was used for generating 3D digital microstructures [12] . The input data are texture and grain aspect ratio statistics. The texture in a 3D microstructure is a typical deformation texture: Brass with Euler angles: (35°, 45°, 0°). In [13] , it was shown that the 3D digital material can reproduce grain aspect ratio statistics based on experimental measurements. Subsequently, 3D Monte Carlo simulation is performed to allow the 3D digital microstructure to evolve as a function of time, measured in terms of Monte Carlo Steps (MCS), to simulate the subgrain coarsening process. 3D abnormal grain growth probability is quantified from the Monte Carlo simulation results. The 3D abnormal growth model is combined with mean misorientation as a function of strain to calculate the recrystallization nucleation probability, which is only dependent on one parameter, strain. The recrystallization nucleation probability is integrated with information on subgrain size. Then, the integrated model is compared to physical measurements in terms of recrystallized grain size.
Results: 3D Monte Carlo Simulation
The texture imposed on each digital microstructure was simplified to a single texture component (e.g. the Brass texture component) with a Gaussian spread about the main component. Thus the texture spread determines the misorientation distribution, which in turn determines the fraction of low versus high angle boundaries in the simulated system. In this study, we varied the misorientation distribution via the orientation spread, which was quantified as the grain reference orientation deviation (GROD), defined as:
where N is the total number of (sub-)grains in a digital material, g i is the orientation of a (sub-)grain with index i, and g avg. is the central orientation over all (sub-)grains. Random texture is one limiting case whereas the other limit is that of small deviations in orientation, less than 5˚. Fig. 1 shows snapshots of 2D TD-ND cross-sections of the evolving 3D microstructures, cut perpendicular to the RD direction through the center of the (periodic) simulation domain; the color coding is similar to Inverse Pole Figure (IPF) maps created in TEXSEM™ software. At short times the subgrains retain their initially elongated shapes along the TD direction but become equiaxed at longer times, as expected.
For a random texture, there is no evidence of abnormal growth, as expected, so it is considered to exhibit normal growth. The other limiting case is that a 5˚ GROD in a subgrain structure is insufficient to generate abnormal grain growth under the conditions we studied. (Note, however, that we would expect AsGG if we simulated larger systems, i.e. there is a system size dependence for observing AsGG.) Between these two extremes, AsGG is observed for GROD values of 8˚, 10˚, 12˚, 13˚, 14˚ and 15˚. Fig. 1 shows AsGG in the brass texture component for 8˚, 12˚, and 15˚ GROD values. It is clear that the number of abnormally large grains increases with increasing GROD. The trend is quantified in Fig. 2 in terms of mean misorientation.
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Results: Statistical Model
We obtained the fraction of (sub-) grains that achieve abnormal size (8 times greater than the initial size in volume) after 1×10 7 MCS in a randomly oriented structure. Although this criterion is close to the upper limit of normal grain size distributions, for the range of misorientations used here, the results were found to be insensitive to the cut-off value. This fraction is termed as random P , which was found to be 0.026 in our 3D simulations. This value is the maximum for the probability of abnormal (sub-)grain growth, which is a function of GROD. The fraction of grains that achieve an abnormal size in structures with different GRODs was also determined. This fraction is termed as P AsGG .
We developed an exponential equation to describe the probability of abnormal growth as a function GROD, as suggested in [5] . The mean misorientation of real materials is transferable to GROD in a digital material. The connection between these two parameters allows us to link the probability function of abnormal subgrain growth to mean misorientation, which was measured as the average value of misorientations over all voxel pairs in a 3D digital material. The mean misorientation is linearly dependent on the GROD value with a proportionality factor equal to 1.2. Based on this relation, an equation connecting the probability of abnormal growth (Eq. 2) and the mean misorientation is obtained as follows:
The variable, θ 
As mentioned in the Introduction, the mean misorientation of deformed materials is a monotonically increasing function of von Mises strain: < θ >= k ε , where k is a constant, 7.2° for GNBs and 1.5° for IDBs. This relation allows the probability of abnormal growth to be equated to the probability of a subgrain developing into a recrystallization nucleus as a function of von Mises strain in a plastically deformed material, as shown in Eq. (3). Therefore, a comparison between the model and experiments is possible, as discussed in the next section. 
Comparison to Experiment
Previous work, as employed by Sheppard [14] , shows that given the initial grain size, the ZenerHolloman parameter and strain can be used to calculate the recrystallized grain size for 5056 and 5083 alloys. However, in our work, it is not necessary to know the initial grain size for the recrystallized grain size estimation. Nevertheless, the estimation in Sheppard's work is close to our prediction under certain circumstances, such as large initial grain size, high strain levels and low strain rate.
In our work, the predicted grain volume in a fully recrystallized microstructure can be computed by dividing the volume of subgrain volume (simplified as spheres) by the nucleation probability using the following equation:
7.21 ε − 0.94
Based on the equivalent sphere assumption for the recrystallized grains, the predicted grain size is computed with the following simple relation:
The predicted grain size as a function of strain is plotted in Fig. 3 with a comparison to different experimental datasets: AA5005 and AA5052. The AA5005 grain sizes were obtained from analysis of EBSD scans after 60 minutes annealing at 350°C, and the AA5052 data were obtained from the literature [15] . The curve labeled "5XXX model" is based on the subgrain size (1.9 µm) of hot-rolled AA5005. The theoretical prediction for the 5xxx cases (5XXX model) is in good agreement with the experimental measurements. At small strains, abnormal subgrain growth is infrequent or absent, and so the dominant nucleation (in the absence of particle stimulated nucleation) is expected to be strain induced boundary migration (SIBM).
